In the invertebrate liver fluke, Fasciola hepatica, there is evidence that 5-hydroxytryptamine (serotonin) increases glycolysis (1, 2), glycogenolysis (1), and phosphorylase activity (3). However, previous studies in mammalian liver, in vitro and in vivo, have yielded conflicting results concerning the effect of serotonin on hepatic glycogen content, hepatic phosphorylase, and blood glucose. Some investigators have reported a hyperglycemic action that they have attributed either to liberation of epinephrine from the adrenal medulla (4, 5) or to a direct glycogenolytic effect in the liver (6, 7). Others have found that serotonin either has no effect on blood glucose or produces hypoglycemia (8-11).
Materials and Methods
Liver-donor animals. Adult male Sprague-Dawley rats weighing 400 to 500 g served as blood and liver donors. They were maintained on Purina lab chow and received food and water ad libitum until immediately before sacrifice. Blood for perfusion was obtained by cardiac puncture, with heparin as the anticoagulant.
Perfusion technique. The procedure employed for the removal of liver and its perfusion was that described by Miller and colleagues (12, 13) . Donor rats were anesthetized with pentobarbital sodium, 35 mg per kg, intraperitoneally. In each experiment the bile duct was cannulated with a fine polyethylene catheter to permit measurement of bile flow as an index of hepatic function. The perfusate contained a mixture of 50 to 70 ml of heparinized whole rat blood and 25 to 35 ml of Ringer's solution with no added glucose. Blood was oxygenated with a mixture of 5% CO2 and 95% oxygen. The oxygenated, heparinized blood (arterial perfusate) entered the liver by gravity through a glass cannula in the portal vein, at a hydrostatic pressure of 14 cm blood, and returned to the blood reservoir via a cannula in the thoracic portion of the inferior vena cava (hepatic venous effluent). Hepatic blood flow in milliliters per minute was estimated by counting the drops of effluent coming from a precalibrated cannula in the inferior vena cava. Vasomotor changes were considered significant when blood flow decreased more than 10% of the initial or immediately preceding value.
A specially designed collecting chamber for sampling hepatic venous effluent before mixing with arterial perfusate was employed to make simultaneous determinations on venous and arterial blood possible. The apparatus is illustrated in Figure 1 .
At appropriate intervals, samples of blood were collected and lobes of liver removed for determination of blood glucose and hepatic glycogen and phosphorylase. The liver specimens were also studied histologically with hematoxylin-eosin and Masson stains.
Drug administration. Amounts of drugs shown in the text were diluted in Ringer's solution and administered through a polyethylene catheter just proximal to the portal vein cannula, either by rapid injection or by constant infusion at a rate of 2 ml per hour with a calibrated motor-driven syringe. from lung enters liver, and excess blood, coming also from lung by means of an overflow tube (not shown), enters the reservoir (opening at left of figure) and mixes with venous effluent entering from siphon collection chamber. Blood samples were removed via cannulas in collection chamber and reservoir.
Serotonin creatinine sulfate 1 was introduced in doses ranging from 16 jig to 1.6 mg of the acid salt by rapid injection over a 2-minute period, or from 4.1 to 240 ,ug per minute by constant infusion. 1-methyl-[methylergonovine], also known as UML-491 or Sansert,2 5-hydroxytryptophan 1 (5-HTP), l-epinephrine bitartrate,' histamine dihydrochloride,3 and glucagon4 were infused in several experiments, and Ringer's solution served as a control in these and other experiments.
In vivo rat experiments. Serotonin, 5-HTP, and UML-491 were administered by the subcutaneous, intraperitoneal, or intravenous route to intact, adult, fed rats. Blood for glucose determinations was taken by cardiac puncture before treatment and at intervals after drug administration.
Blood glucose was determined by the Nelson method utilizing Somogyi protein-free filtrates of duplicate 1-ml blood samples (14) .
Serotonin was determined on 3-ml blood samples by the method of Amin, Crawford, and Gaddum (15) and by a bioassay performed on the isolated clam heart, Venus mercenaria, according to the method of Twarog and Page (16) .
Liver glycogen. Approximately 3 minutes after establishing liver perfusion and at intervals thereafter, minor hepatic lobes, or occasionally an additional small portion of a major lobe, were ligated, quickly excised, and placed into weighed 50-ml centrifuge tubes containing 30%o potassium hydroxide. The tubes were rapidly reweighed and heated to boiling for 45 minutes. Glycogen was then determined in duplicate by the method of Good Figure 2 and are summarized at the left of the figure. Glycogen decreased in every serotonin experiment, as shown in Table I Figure 3 depicts the mean values and SD for each of these at hourly intervals after serotonin infusion in 8 experiments, expressed as the percentage of initial concentration. Although the initial changes in blood glucose were less than in phosphorylase activity and glycogen content in the first 2 to 3 hours of infusion, a rise in glucose concentration in the perfusing medium was noted as early as 4 to 20 minutes after a single rapid serotonin injection (16 ,ug) in 5 short-term perfusion experiments (Table II) . The average and SD of the net percentage of increase in glucose after the acute injection were 20.7 ± 1.5%.
The effects of serotonin on glycogen metabolism were not consistently related to the dose administered, as shown in Table I . In contrast, serotonin's effect on blood flow paralleled the dose administered more closely (zide infra). In no case was hepatic blood flow diminished with doses of serotonin up to 16 ug per minute given either rapidly in 5 experiments or by constant infusion in 4 perfusions. An increase in glucose concentration in the perfusing medium was, however, observed in the 5 acute experiments (Table II) ; and glycogenolysis, hyperglycemia, and an in-1{EPATIC GLYCOGENOLYSIS INDUCED BY SEROTONIN crease in phosphorylase activity were produced at these low doses in the 4 perfusion experiments ( Table I ), demonstrating that these responses were independent of the vasomotor effect.
The hepatic glycogen content was determined on several lobes of liver after the same interval of perfusion in 3 control and 3 serotonin experiments employing 8.3, 88, and 240 ug per minute, and the variation among the different lobes of the same liver averaged 2.5% with a SD of + 2.2%o in the 6 cases. This variation was of the same order of magnitude found in excised liver lobes taken from 4 intact control rats (3.1 ± 2.6%).
Decreases in liver glycogen after the infusion of 410' M serotonin and 210-2 M 5-HTP were comparable to those observed with 6105 M epinephrine and 21°0 M glucagon in this isolated system (20) . At these molar concentrations, however, glycogenolysis and hyperglycemia after epinephrine or glucagon were more prompt than after serotonin or 5-HTP administration.
Infusions of histamine dihydrochloride, 50 to 100 pg per hour, had no effect on glycogen content, blood glucose, hepatic phosphorylase, or blood flow in 3 perfusion experiments.
Bile flow and histology. In both serotonin and control groups, bile flow rates averaged 0.75 ml per hour. Moreover, routine histologic studies, similar in both groups, revealed no significant changes during or after 4 to 6 hours of perfusion.
Studies on hepatic blood flow and serotonin blood levels. In control experiments, hepatic blood flow increased from a mean of 14 ml per minute during the first hour to an average of 20 ml per minute, a rate that was sustained for the next 2 to 3 hours, and then gradually fell to an average of 17 ml per minute.
As shown in Figure 4 , serotonin produced in blood flow a prompt decrease that was approximately proportional to the dose. Control serotonin levels in the venous effluent were only 40%o of those in the arterial perfusate, demonstrating rapid uptake of serotonin by the liver. During the rapid infusion of serotonin, the level of the amine in the venous effluent exceeded that in the arterial perfusate. However, for a period of 4 to 45 minutes after completion of the injection, the liver rapidly and progressively cleared the blood of serotonin, as indicated by the fall in the venous effluent to 60%o of that in the arterial perfusate. In contrast, during 3 perfusions with prolonged continuous serotonin infusions, hepatic venous-arterial perfusate differences disappeared by the third hour. At that time the mean serotonin levels in the venous effluent and arterial perfusate were the same, indicating that the capacity of the liver to clear serotonin was limited and had been exceeded. Both serotonin-induced vasomotor and glycogenolytic effects occurred at serotonin levels in arterial perfusate that were approximately twice to three times the normal range found in the portal venous blood of intact control rats.
The upper panel of Figure 5 , typical of 3 perfusions in which blood flow alone was monitored, shows that the vasomotor response to serotonin progressively diminished after repeated injections of the amine at short intervals (tachyphylaxis). Similarly, tachyphylaxis occurred during the continuous infusion of serotonin, despite progressive increase in blood serotonin levels (lower panel, Figure 5 ). The upper panel of Figure 5 also shows that epinephrine was capable of reducing blood flow even after pretreatment with serotonin. On a molar basis, the vasomotor effect of epinephrine was about 3 times as great as that of serotonin. This difference was also evident in perfusion experiments in which epinephrine alone was infused.
Studies with UML-491. Figure 6 is a typical example of 4 perfusion experiments showing that UML-491 (arrow), a potent serotonin antagonist, blocked the vasomotor response to serotonin (upper and lower panels) but not that to epinephrine (lower panel). Figure 7 shows that infusion of UML-491 (solid arrow) before serotonin blocked both its glycogenolytic and vasomotor actions. When the drug was administered after serotonin, however, UML-491 (open arrow) promptly reversed only the vasomotor effect while glycogenolysis and hyperglycemia continued.
Studies zwith 5-hydroxytryptophan. Figure 8 demonstrates that infusion of 5-HTP, the precursor of serotonin, induced glycogenolysis and hyperglycemia, increased phosphorylase activity, and was associated with a progressive rise in the level of blood serotonin. Figure 6 refer to the bitartrate salt.
those produced by the exogenously administered amine and occurred at comparable serotonin blood levels. Unlike exogenous serotonin, however, 5-HTP had virtually no effect on hepatic blood flow, as shown in Figure 8, (Table II) . Our studies in vivo (Table III) demonstrate that hyperglycemia follows either subcutaneous or intraperitoneal administration of serotonin, or intraperitoneal injection of 5-HTP, over a wide dose range.
Serotonin has been shown to enhance the release of epinephrine from the adrenals (22, 23 These effects were associated with progressive rise in endogenous serotonin blood levels that were comparable to those found after exogenous administration of the amine.
and Vanderpoel demonstrated serotonin-induced hyperglycemia in adrenalectomized dogs, although they used larger doses (10 mg per kg) (24) . The results of our own studies are consistent with their conclusion that epinephrine release is not a prerequisite for the glycemic action of serotonin. Further support for this hypothesis comes from the in vivo studies of Galansino and associates (6) and Gordon and Lipton (7) Ringer's solution 1 ml
suggest that the glycemic effect is due to a direct action of serotonin on the liver. The in vitro glycogenolytic and vasomotor actions of serotonin were blocked by UML-491, a known serotonin antagonist, suggesting that these actions are specific for serotonin receptor sites within the liver. UML-491 also blocked the glycemic action of serotonin in vivo (Table III) .
The present studies, showing that serotonin or its precursor, 5-HTP, stimulates hepatic phosphorylase activity, confirm the observations on serotonin of Mansour, Sutherland, Rall, and Bueding in the intact liver fluke, Fasciola hepatica (3), and of Vaughan in mammalian adipose tissue (25) . The increased phosphorylase activity noted in the isolated rat liver may possibly be attributed to increased production of adenosine 3',5'-phosphate, which in turn activates phosphorylase, and the observed glycogenolysis related in part to increased phosphofructokinase activity, a rate-limiting enzyme of glycolysis, since Mansour and Mansour have shown increases in both enzymes after serotonin in Fasciola hepatica (3, 26) .
Serotonin has been shown to induce liberation of histamine (27) . However, in 3 isolated liver perfusion experiments in which physiologic amounts of this amine (50 to 100 ,ug per hour) were infused, no significant effects on glycogen metabolism were noted. These results suggest that the effects we observed with serotonin were probably not due to histamine release from hepatic mast cells.
Serotonin caused a prompt decrease in hepatic blood flow in doses exceeding 32 ,g. The mechanism of this action remains unclear. A transient rise in the portal pressure occurs after peripheral or portal venous injection of serotonin in dogs (28) . Since the "portal pressure" was kept constant by an overflow tube set at 14 cm of blood, evaluating changes in pressure in our perfusion experiments was impossible. As serial histologic studies showed no congestion of the liver after serotonin infusion, it is reasonable to assume that there was no significant constriction of the hepatic outflow tract. This interpretation is supported by the observation that in the perfused canine liver, serotonin constricts the hepatic artery and portal vein but not the hepatic vein (29) . Other studies have shown that serotonin increases resistance in large arteries and veins in the foreleg of the anesthetized dogs (30) , narrows the intrahepatic branches of the portal vein of the rat, as observed by serial angiography (31) , and decreases hepatic blood flow in the perfused liver of the rat (32) and in man (33) . From these reports, apparently the alterations in hepatic blood flow that we observed were probably due to vasoconstriction in the branches of the portal vein.
The glycogenolytic effect of serotonin was independent of its vasomotor action in 4 constant infusion experiments, since the former response occurred at doses of 4.1 to 16 pg per minute, which had no effect on hepatic blood flow. Moreover, hyperglycemia followed 5 acute serotonin injections in experiments employing 16-pg doses without any alteration in blood flow. Kobayashi and associates (32) , who also perfused rat livers with serotonin, noted a prompt decrease in blood flow associated with hyperglycemia but only after very large doses of the amine (4 mg). Because hyperglycemia did not occur when a small dose of serotonin (10 pg per minute) was given and a normal rate of blood flow maintained, they inferred that serotonin probably had no direct glycogenolytic action in the liver, a conclusion not supported by our studies. Moreover, it is remarkable that 5-HTP, unlike exogenous serotonin, had virtually no effect on hepatic blood flow, although it induced glycogenolysis, hyperglycemia, and stimulation of hepatic phosphorylase activity to a degree similar to the exogenously administered amine. Conceivably, when serotonin is given exogenously, it has immediate access to receptors in the smooth muscle cells of the vascular system; however, when serotonin is formed endogenously within hepatic cells, it encounters the phosphorylase system but may have no opportunity to reach reactive sites in the vascular tree in sufficient concentration.
Hemodynamic alterations alone or resulting hypoxemic conditions may have been partly responsible for the observed glycogenolysis in the 4 of 8 serotonin perfusion experiments in which decreased hepatic blood flow accompanied glycogenolysis. In the isolated perfused liver, however, slowing of blood flow per se does not result in hyperglycemia (34) . Furthermore, under anoxic conditions introduced into this isolated system, phosphorylase activity is inhibited (20) (36) . The glycogenolytic effects of serotonin were somewhat delayed in onset compared to epinephrine or glucagon. This may be related, in part, to the rapid degradation of the amine by the liver during the initial 1 to 3 hours of infusion, rather than to release of other substances in the liver. The capacity of the liver to clear serotonin was limited by the third hour of infusion, which coincides with the time of maximal glycemic effect (Figure 3 ).
Both the isolated perfused liver and intact animal studies reported here are consistent with the suggestion made by Sjoerdsma that the levels of serotonin present in the portal venous blood are significantly higher and may be physiologically more active than those in the systemic circulation, where rapid serotonin metabolism and uptake by platelets prevent the accumulation of significant amounts of the free amine (37) . Accordingly, under certain conditions the concentration of serotonin in the portal blood may reach sufficiently high levels to produce significant effects in the liver, whereas amounts of the free amine in the remainder of the circulation are still too low to produce systemic effects.
Summary
Endoportal administration of serotonin creatinine sulfate, in doses as low as 410' M, or endogenously synthesized serotonin derived from administered 5-hydroxytryptophan, produced glycogenolysis, hyperglycemia, and stimulation of hepatic phosphorylase activity in the isolated perfused rat liver. These actions of serotonin were independent of observed vasomotor effects of the amine on the liver. Tachyphylaxis was notable in this preparation with regard to the effect of serotonin on hepatic blood flow. The glycogenolytic and vasomotor actions of the amine were blocked by the infusion of a potent serotonin antagonist, 1-methyl- [methylergonovine] , before serotonin administration. The glycemic effect observed in vitro was also noted in vivo when intact rats received serotonin or 5-hydroxytryptophan. Hepatic uptake of serotonin by the isolated liver was significant in the steady state and after rapid serotonin injection, but the limited capacity of the liver to clear the infused amine was exceeded after 3 hours of continuous serotonin infusion.
